X-linked inhibitor of apoptosis protein (XIAP) is a key regulator of programmed cell death triggered by various apoptotic triggers. Translation of XIAP is controlled by a 162-nucleotide (nt) internal ribosome entry site (IRES) element located in the 5 untranslated region of XIAP mRNA. XIAP IRES mediates efficient translation of XIAP under physiological stress and enhances cell protection against serum deprivation and radiation-induced apoptosis. In the present report we describe the assembly of a sequence-specific RNAprotein complex consisting of at least four cytosolic proteins on the XIAP IRES element. We determine that the core binding sequence is approximately 28 nt long and is located 34 nt upstream of the initiation site. Moreover, we identify the La autoantigen as a protein that specifically binds XIAP IRES in vivo and in vitro. Programmed cell death plays a critical role in regulating cell turnover during embryogenesis and in tissue homeostasis as well as viral infections and cancer (56). Recently, we have identified and cloned three mammalian genes encoding inhibitor of apoptosis (IAP) proteins (13, 28, 29) . While the IAP genes were initially discovered in baculoviruses, their homologues have since been identified in other viruses, insects, birds, and mammals, suggesting a common evolutionary origin (reviewed in references 27 and 30). The IAP proteins are potent inhibitors of apoptosis in various experimental systems and have recently been shown to bind and inhibit distinct caspases (10, 41, 45, 52) a feature that is postulated to be a primary mode of IAP action in cells.
Programmed cell death plays a critical role in regulating cell turnover during embryogenesis and in tissue homeostasis as well as viral infections and cancer (56) . Recently, we have identified and cloned three mammalian genes encoding inhibitor of apoptosis (IAP) proteins (13, 28, 29) . While the IAP genes were initially discovered in baculoviruses, their homologues have since been identified in other viruses, insects, birds, and mammals, suggesting a common evolutionary origin (reviewed in references 27 and 30). The IAP proteins are potent inhibitors of apoptosis in various experimental systems and have recently been shown to bind and inhibit distinct caspases (10, 41, 45, 52 ) a feature that is postulated to be a primary mode of IAP action in cells.
X-linked IAP (XIAP) is the prototype of mammalian IAP genes. It has been shown that the antiapoptotic function of XIAP is executed, at least in part, by inhibition of caspase 3 and caspase 7, two principal effectors of apoptosis (10, 52) . In addition to being a caspase inhibitor in cultured cells, XIAP has been shown recently to inhibit caspase 3 activation in vivo, and this inhibition attenuated ischemic neuronal death in rat brain (57) . We have demonstrated recently that expression of XIAP is controlled at the level of translation initiation (18) . There is a 162-nucleotide (nt) internal ribosome entry site (IRES) sequence located in the 5Ј untranslated region (UTR) of XIAP mRNA, and this sequence is critical for the capindependent translation of XIAP. The IRES-mediated translation of XIAP mRNA is resistant to the repression of protein synthesis that accompanies cellular stress such as serum deprivation or ␥ irradiation. Significantly, IRES-mediated translation of XIAP offered enhanced protection against apoptosis induced by serum deprivation, suggesting that modulation of XIAP expression is of potential benefit in cell survival under acute but transient apoptotic conditions (18) .
The IRES sequences were initially identified in picornavirus mRNAs (39) , where they serve to initiate translation of uncapped viral mRNAs. The 5Ј UTR regions of all picornaviruses are long and can mediate translational initiation by directly recruiting and binding ribosomes, allowing cap-independent translation (reviewed in reference 11). In addition, following virus infection, cellular (cap-dependent) protein synthesis is arrested due to cleavage of the translation initiation factor eIF4G by viral proteases (16) . IRES-mediated translation remains unaffected, allowing the virus to maintain high levels of viral protein synthesis.
IRES elements are also found in a limited number of cellular mRNAs. To date, the cellular mRNAs which were shown to contain functional IRES elements in their 5Ј UTRs include immunoglobulin heavy-chain binding protein (31) , Drosophila Antennapedia (38) and Ultrabithorax (58) , fibroblast growth factor 2 protein (54), the protooncogene c-myc (37, 50) , vascular endothelial growth factor (21, 49) , and XIAP (18) . Cellular IRES elements have no obvious sequence or structural similarity to picornavirus IRES sequences or among themselves, and no control system for the regulation of IRESdirected translation has been described (5). It is speculated, however, that the presence of an IRES within a cellular mRNA would allow enhanced or continued expression under conditions in which normal, cap-dependent translation is shut off or compromised, such as during heat shock, development, growth arrest, or cell cycle position (43) .
Regulation of translation of a typical, capped, eukaryotic mRNA by virtue of modulating the activity of critical translation initiation factors (such as eIF4E and eIF4F) is relatively well characterized (48) . However, the translational control of IRES-containing mRNAs is less understood. While the requirement for canonical initiation factors (eIF2,-3,-4A,-4B,-4F, and -4E) seems to be similar for both modes of translation (40) , there are at least three additional cellular trans-acting factors that have been implicated in the IRES-mediated trans-lation of viral mRNAs. These auxiliary factors include the La autoantigen (36) , the polypyrimidine tract binding protein (PTB) (17) , and the poly(C) binding protein (PCBP) (7) . With the exception of the PTB, which was shown to interact with the IRES element of vascular endothelial growth factor (21) , none of these cellular factors were shown to be involved in the translation of the remaining cellular IRESs examined to date.
In this report we identify a sequence-specific RNA-protein complex which assembles on the 162-nt XIAP IRES element. We demonstrate that the La autoantigen is an essential component of the XIAP IRES ribonucleoprotein (RNP) complex. Furthermore, our data suggest that neither PTB nor PCBP participates in the binding to XIAP IRES. The functional relevance of La binding to the XIAP IRES is demonstrated by the requirement for La for in vitro and in vivo translation that is mediated by the XIAP IRES. The data presented here suggest that the La autoantigen is a central component of the XIAP IRES RNP complex which may facilitate binding of additional cellular factors to the XIAP IRES sequence and is essential for the modulation of XIAP mRNA translation.
MATERIALS AND METHODS
Cell culture and reagents. Human epitheloid carcinoma cells (HeLa) were cultured in standard conditions in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS) and antibiotics. Transient DNA transfections were done using Lipofectamine Plus reagent (Gibco) and the protocol provided by the manufacturer. Briefly, cells were seeded at a density of 2.5 ϫ 10 5 cells/ml in six-well plates and transfected 24 h later in serum-free Opti-MEM medium (Gibco) with 2 g of DNA and 10 l of lipid per well. The transfection mixture was replaced 3 h later with fresh DMEM supplemented with 10% FCS. Cells were collected for analysis at 48 h posttransfection. Glutathione S-transferase (GST) fusion constructs of full-length human La protein and the C-terminal dimerization domain (La residues 226 to 348) were a generous gift from N. Sonenberg. Recombinant proteins were expressed in Escherichia coli and purified on glutathione-Sepharose (Pharmacia) as described before (14) . Purified proteins were dialyzed against the homogenization buffer (see below) and stored at 4°C in the presence of 5% glycerol. The expression plasmid pCI-mycLa(226,348) was constructed by inserting a PCR-generated dimerization domain of La cDNA into the pCI vector containing the Myc epitope (Invitrogen). The bicistronic vector p␤gal/CAT was described previously (18) . Bicistronic plasmids with mutated XIAP IRES were constructed by PCRdirected mutagenesis, and their proper orientation and sequence were confirmed by sequencing.
Cell extracts. The cytosolic extracts (S100) were prepared as previously described (19) . Briefly, cells were harvested during the exponential phase by centrifugation from medium at 0°C and washed in ice-cold phosphate-buffered saline (PBS). Cells were resuspended at 5 ϫ 10 7 cells/ml in homogenization buffer (10 mM Tris-HCl [pH 7.4], 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 10 g of leupeptin per ml) and lysed with a Dounce homogenizer with 20 strokes on ice. Nuclei were pelleted by centrifugation at 2,000 ϫ g for 10 min, and the supernatant was adjusted to 150 mM KCl. Following the centrifugation of the cytoplasmic fraction for 60 min at 100,000 ϫ g at 4°C, the supernatant (S100 fraction) was removed and glycerol was added to a final concentration of 5%. The S100 extracts were aliquoted, flash-frozen in a dry ice-ethanol bath, and stored at Ϫ80°C.
EMSAs. For electrophoretic mobility shift assays (EMSAs), DNA templates for synthesis of the XIAP IRES RNA probe were generated by PCR using XIAP IRES-specific primers (probe A, 5Ј-oligonucleotide 5Ј-TAATACGACTCACTA TAGGGCGAAATTAGAATGTTTCTTAGCGGTC and 3Ј oligonucleotide 5Ј-CTTCTCTGGAAAATAGGAC; probe B, oligonucleotide 5Ј-TAATACGACT CACTATAGGGCGATTATTCTGCCTGCTTAAATATTAC and 3Ј oligonucleotide 5Ј-CTAAATACTAGAGTTCGACATTAC; probe C, 5Ј-oligonucleotide 5Ј-TAATACGACTCACTATAGGGCGAGTCGACAGCTCCTATAACA AAAGTCTG and 3Ј-oligonucleotide 5Ј-CTTCTCTGGAAAATAGGAC). The 5Ј primers incorporated the T7 promoter sequence (19) . Internally labeled RNA probes were synthesized by in vitro transcription with T7 polymerase (MAXISript T7 RNA polymerase kit; Ambion) in the presence of [␣-
32 P]UTP (Amersham). EMSA analysis was carried out as detailed previously (20) . Briefly, 15,000 cpm of labeled RNA was mixed with 30 g of HeLa S100 extract or 3 to 5 g of purified GST-La protein in a total volume of 15 l at room temperature for 30 min, followed by the addition of 1 l of RNase T 1 (1 U/l), and incubated for an additional 10 min at room temperature, and heparin was added to a final concentration of 5 mg/ml. The RNP complex was electrophoresed on a 3% native acrylamide gel at 4°C. Unlabeled competitor RNAs were synthesized using the MEGAScript T7 RNA polymerase kit (Ambion). Competition with the homoribopolymers poly(C), poly(U), poly(G), and poly(A) was carried out by adding 0.1 g of RNA (Sigma) to the RNP assembly mixture before addition of the target RNA. Mapping of the RNP binding sites by antisense oligonucleotides was carried out as described before (53) . Briefly, internally labeled RNA probe was mixed with the antisense oligonucleotides, incubated at 80°C for 10 min, and allowed to cool gradually to room temperature. The EMSAs were performed and analyzed as described above.
UV cross-linking and immunoprecipitation. RNA-protein complexes for UV cross-linking were prepared as described above. Before adding RNase T 1 , the samples were transferred into a 96-well dish and irradiated on ice with a 254-nm UV light source at 400,000 J/cm 2 . RNA-protein complexes were then resolved by sodium dodecyl sulfate-12.5% polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by autoradiography. For the immunoprecipitation, UVirradiated RNA-protein complexes were diluted in 50 l of PBS-NP-40 buffer (1ϫ PBS, 2 mM EDTA, 2 mM EGTA, 0.05% NP40), and 5 l of ascites fluid containing anti-La monoclonal antibody A1 (8) and 20 l of protein AϩG-agarose (Calbiochem) were added. The samples were incubated at room temperature for 30 min and then washed five times in HEPES-NP-40 buffer (15 mM HEPES, 150 mM NaCl, 1 mM EDTA, 0.5% NP-40). The immunoprecipitated RNA-protein complexes were released from the agarose beads by boiling in SDS loading buffer (100 mM Tris [pH 6.8], 2.5% SDS, 10% glycerol, 0.025% ␤-mercaptoethanol, 0.1% bromophenol blue), resolved on an SDS-12.5% PAGE gel, and visualized by autoradiography.
XIAP mRNA was coimmunoprecipitated from whole-cell extracts using a modified method of Seto et al. (46) . Briefly, cells from a 35-mm dish were harvested in 1 ml of cold PBS and collected by low-speed centrifugation at 4°C. The cell pellets were resuspended in 100 l of RNA binding buffer (above) supplemented with 10 U of RNase inhibitor (5 Prime-3 Prime Inc.), and cell extracts were prepared by the freeze-thaw method. To whole-cell extracts, 5 l of monoclonal anti-La antibody A1 or antiactin antibody (Amersham), 20 l of protein AϩG-agarose beads (Calbiochem), and 5 U of RNase inhibitor were added, and the samples were incubated for 60 min at room temperature. The beads were then washed extensively with RNA binding buffer supplemented with RNase inhibitor. RNA associated with the antibody-antigen complexes was isolated by repeated phenol-chloroform extraction and precipitation with 2 M ammonium acetate and 3 volumes of cold ethanol. RNA was then analyzed by reverse transcription (RT)-PCR using XIAP-specific primers (5Ј oligonucleotide, 5Ј-ATGACTTTTAACAGTTTTGAAGG, and 3Ј oligonucleotide, 5Ј-GCTCGT GCCAGTGTTGATGCTG).
In vitro transcription and translation. Coupled in vitro transcription and translations (TnT Quick Coupled Transcription/Translation System; Promega) were performed under the conditions recommended by the manufacturer. Each reaction was programmed with 1 g of purified plasmid DNA of the dicistronic construct p␤gal/5Ј(Ϫ162)/CAT (18) and, when indicated, supplemented with purified recombinant GST-La(226-348) or GST protein. In vitro-translated proteins were labeled with L-[
35 S]methionine (Amersham). Reactions were incubated at 30°C for 90 min and analysed on SDS-10% PAGE. The intensities of the chloramphenicol acetyltransferase (CAT) and ␤-galactosidase (␤Gal) bands were determined on a Bio-Rad model GS-670 imaging densitometer.
␤-Galactosidase and CAT analysis. Transiently transfected HeLa cells were harvested in PBS at 48 h posttransfection, and cell extracts were prepared by the freeze-thaw method as described (32) . ␤Gal enzymatic activity in cell extracts was determined by the spectrophotometric assay using ONPG (o-nitrophenyl-␤-D-galactopyranoside) (32) , and the CAT activity was determined by the liquid scintillation method, as described (44) .
RESULTS
Sequence-specific RNP complex assembles on the 162-nt XIAP IRES element. We have shown recently that the 162-nt region of XIAP mRNA immediately upstream of the initiation codon contains a functional IRES element (18) . Since the IRES elements are postulated to bind specific cellular factors that recruit ribosomes to the IRES site, we decided to examine the IRES element of XIAP for protein-binding activity. We derived a 162-nt RNA probe spanning the entire IRES element of XIAP (probe A, Fig. 1A ) as well as a second, 120-nt probe that lies upstream of the XIAP IRES (probe B, Fig. 1A ). Both RNA probes were incubated with the cytosolic S100 extracts from HeLa cells and analyzed on native PAGE. We detected a large RNA-protein complex that formed specifically on the XIAP IRES sequence but did not form on the upstream UTR sequence (Fig. 1B) . Incubation of the RNA-protein samples with proteinase K prior to electrophoretic separation completely abolished RNP complex formation (data not shown). These results suggested that a set of cytosolic proteins bind specifically to the IRES element of XIAP. This binding was successfully inhibited with an excess of specific unlabeled com- , while an excess of nonspecific competitor had no effect on the binding (Fig. 1B, lanes 7 and  8) . Furthermore, the formation of the XIAP IRES RNP complex was prevented with an excess of poly(U) (lane 10) and, to a lesser extent, poly(G) (lane 12) homoribopolymers but remained unaffected by the addition of excess of poly(C) (lane 11) or poly(A) (lane 9). These data indicate that a sequencespecific, poly(U)-and poly(G)-sensitive RNP complex assembles on the XIAP IRES element. Characterization of the XIAP IRES element. Having shown that the 162-nt XIAP IRES element can specifically recruit cytosolic proteins to form an RNP complex, we wished to determine what sequence of the XIAP IRES is critical for RNP complex formation. We have shown previously that progressive deletions from the 5Ј end of the XIAP IRES element still retained substantial IRES activity. Using the EMSA and truncated IRES RNA probes, we determined that the 103-nt segment of XIAP IRES (probe C) can efficiently form an RNP complex indistinguishable from that formed with the larger, 162-nt probe (not shown). The more detailed mapping of the RNP binding site was further delineated by antisense oligonucleotide mapping (53) . A 103-nt XIAP IRES probe was annealed with the antisense oligonucleotides spanning the entire region ( Fig. 2A ) and allowed to cool down. The RNA probeoligonucleotide hybrids were then incubated with the cytosolic S100 extracts and analyzed on native PAGE. We observed that only three antisense oligonucleotides (4520, 4565, and 4568) were able to disrupt XIAP IRES RNP complex formation, suggesting that this region (Ϫ34 to Ϫ62) is critical for protein recruitment to the XIAP IRES (Fig. 2B) . This region spans a 28-nt segment and overlaps the critical polypyrimidine tract that is essential for XIAP IRES function (18) . We have shown previously that the deletion of the polypyrimidine tract [Ϫ34 to Ϫ47; plasmid p␤gal/3(Ϫ47)/CAT] resulted in complete loss of XIAP IRES activity in bicistronic constructs (Fig. 2C) (18) . We therefore wished to determine if the deletion of the remaining segment of the RNP binding site (Ϫ47 to Ϫ62) would affect XIAP IRES activity in vivo. We constructed a bicistronic plasmid with the Ϫ47 to Ϫ62 deletion [p␤gal/⌬(Ϫ62;Ϫ47)/CAT] and tested it for IRES activity. As shown in Fig. 2C , the Ϫ47 to Ϫ62 deletion drastically reduced XIAP IRES activity. Our data suggest that the ability of the XIAP IRES to form the RNP complex in vitro is paralleled by its ability to support translation of a reporter gene in bicistronic constructs. Furthermore, these and previous experiments (18) suggest that while the 162-nt XIAP IRES is essential for full IRES activity, the Ϫ34 to Our data suggest that the XIAP IRES-specific RNP complex forms approximately 34 to 62 nt upstream of the translation initiation start site. Close inspection of the XIAP 5Ј UTR sequence disclosed that there are five AUG codons located just upstream of the 162-nt IRES element and three AUG codons within the IRES element, but no AUG is found between the polypyrimidine tract and the authentic initiation site (Fig. 2A) . The last AUG before the authentic AUG is located in the middle of the XIAP IRES RNP binding site at position Ϫ48, just upstream of the polypyrimidine tract. Analogous to the structure of picornavirus IRES elements, the sequence between the polypyrimidine tract and the initiation codon could serve as an unstructured spacer (23) , allowing the loaded ribosome to scan and recognize the initiation codon. Indeed, when we placed an AUG codon at position Ϫ27 (out of frame with the reporter gene), this mutation completely abolished translation of the reporter gene in the bicistronic construct [ Fig. 2C , plasmid p␤gal/G(Ϫ27U)/CAT].
La autoantigen is a subunit of XIAP IRES RNP complex. To provide insight into proteins that are present in the XIAP IRES RNP complex, we performed a photoaffinity cross-linking experiment. A 162-nt XIAP IRES probe was cross-linked with the S100 cytosolic HeLa extracts. Following separation on SDS-PAGE, four distinct RNA-protein bands were detected (Fig. 3A, lane 3) . The cross-linked complexes have apparent molecular masses of about 45, 50, 75, and 100 kDa. The formation of the cross-linked complexes was prevented if the cytosolic extracts were preincubated with an excess of poly(U) competitor (data not shown). No cross-linked proteins were detected when a non-IRES RNA probe (probe B) was used instead (Fig. 3A, lane 4) .
Picornavirus IRES elements were shown to recruit at least three cytosolic proteins, La, PTB, and PCBP (reviewed in reference 55). One of the major cross-linked proteins that we observed had an apparent molecular mass (50 kDa) close to that of the La autoantigen. We therefore wished to examine whether the La protein is indeed a component of the XIAP IRES RNP complex. The 162-nt IRES probe was mixed with the cytosolic extract, cross-linked, and immunoprecipitated with the anti-La antibody (Fig. 3B) . The shorter, non-IRES probe was used as a negative control. As shown in Fig. 3B , the La autoantigen was clearly detectable following the immunoprecipitation of XIAP IRES but not the non-IRES RNAcrosslinked proteins with the anti-La antibody. Furthermore, preincubation of cytosolic extracts with poly(U) prevented the formation and immunoprecipitation of the XIAP IRES-La complex (data not shown).
We next wished to determine whether the La autoantigen alone can bind to the XIAP IRES sequence. To this end, both the XIAP IRES and non-IRES RNA probes were incubated with the purified recombinant GST-La fusion protein (Fig.  4A) . As shown in this figure, the purified GST-La protein forms a specific RNP complex on the XIAP IRES RNA. This RNP complex is, however, smaller than that formed with the cytosolic S100 extracts. These data indicate that the La autoantigen is a central component of the XIAP IRES RNP complex. The La protein alone is capable of binding the XIAP IRES element, but additional cytoplasmic proteins are recruited to the XIAP IRES to form a large RNP complex.
La protein binds XIAP mRNA in vivo. The experiments described above demonstrated that the La autoantigen is an essential component of the XIAP IRES RNP complex in vitro. We wished to determine if this interaction also takes place in vivo. We reasoned that if the La autoantigen is part of the in vivo RNP complex that is formed on the XIAP mRNA, then it should be possible to coimmunoprecipitate XIAP mRNA with the anti-La antibody from whole-cell extracts. The endogenous XIAP mRNA is not very abundant in HeLa cells. We therefore enriched XIAP mRNA levels by first transfecting cells with a construct expressing only the XIAP coding region (pCI-XIAP) Furthermore, XIAP RNA was not detected if the cell extracts were treated with RNase prior to immunoprecipitation (lanes 4 and 5) or if we used nonspecific antibody for immunoprecipitation (antiactin, lane 6). These results indicate that the La autoantigen is associated with XIAP RNA in vivo and this interaction is mediated by the 5Ј UTR sequence of XIAP RNA.
La protein modulates XIAP translation in vitro and in vivo. We wished to determine the biological relevance of the binding of La autoantigen to the XIAP IRES. Craig et al. (9) have shown that the La protein forms a dimer under native conditions and that this dimerization is necessary for the RNA binding activity of La. In addition, they identified a C-terminal domain (spanning amino acids 226 to 348) that is responsible for homodimerization. Significantly, the homodimerization domain expressed alone exhibits a dominant negative effect on the activity of the La protein, presumably by sequestering endogenous La protein (9) . We used the rabbit reticulocyte lysate (RRL) and the coupled in vitro transcription-translation system programmed with the dicistronic plasmid p␤gal/5Ј(Ϫ162)/ CAT to assess the effect of the homodimerization domain construct La(226-348) on the translation of the XIAP IRES. Plasmid p␤gal/5Ј(Ϫ162)/CAT contains two reporter genes transcribed together on one mRNA that are separated by a 162-nt XIAP IRES element (18) . Therefore, the translation of the first reporter gene, ␤Gal, is cap dependent, while the translation of CAT is XIAP IRES dependent and cap independent. We observed that in the rabbit reticulocyte lysate, both ␤Gal and CAT are translated efficiently. However, the addition of the purified GST-La(226-348) protein drastically reduced synthesis of CAT but not the ␤Gal protein (Fig. 5) .
Similar experiments were carried out to elucidate the effect of La(226-348) on the IRES-mediated translation of XIAP in cultured cells. HeLa cells were cotransfected with the dicistronic construct p␤gal/5Ј(Ϫ162)/CAT and the expression plasmid pCI-myc/La(226-348) containing the La(226-348) fragment under the control of a cytomegalovirus promoter. Overexpression of La(226-348) but not the control proteins green fluorescent protein (Clontech), heterogeneous nuclear ribonucleoprotein complex K protein (hnRNPK) (34), or PCBP-1 (25) reduced translation of CAT but not the ␤Gal reporter (Fig. 6A) . The moderate reduction of the CAT reporter in the transfection experiment when compared to the dramatic reduction of CAT in the in vitro translation experiment is likely due to the larger amount of the endogenous La protein that is present in the cells but not in the RRL (Fig. 6B) . These results show that the addition of the dominant negative domain of La specifically abrogates XIAP IRES translation, suggesting that the endogenous La protein participates in the translation of the XIAP IRES containing mRNA in vivo.
DISCUSSION
Translation of the intrinsic cellular inhibitor of apoptosis XIAP is controlled by a 162-nt IRES element located just upstream of the initiation site in the XIAP 5Ј UTR. The capindependent, IRES-mediated translation of XIAP seems to be critical for the role of XIAP in apoptosis, because XIAP protein can be synthesized during conditions of cellular stress when the majority of protein synthesis ceases. Indeed, XIAPmediated cytoprotection is observed in serum starvation and ionizing-radiation apoptotic paradigms, both of which inhibit cap-dependent protein synthesis (18) .
In the present study, we set out to characterize the XIAP IRES element and determine the cellular factors which are involved in the translation of the XIAP IRES. We demonstrated that a sequence-specific RNP complex forms on the XIAP IRES. This complex was sensitive to competition with poly(U) and poly(G), but not poly(A) and poly(C) homoribopolymers, indicating that poly(U)-and poly(G)-binding proteins are involved in the formation of the complex. Our results indicate that within the XIAP IRES sequence, the core RNP binding site spans approximately 28 nt and includes the polypyrimidine tract. The deletion of this core binding sequence from the 5Ј UTR resulted in the loss of XIAP IRES activity in bicistronic constructs. Furthermore, the placement of an out-of-frame AUG codon between the polypyrimidine tract and the authentic XIAP AUG initiation codon abolished translation of the reporter gene. These results suggest that the XIAP RNP complex functions in the recruitment of ribosomes to the vicinity of the translation initiation site. The ribosome complex then likely scans the remaining 35 to 40 nt and initiates protein synthesis at the first available AUG codon. This situation is similar to that of picornavirus IRES elements (23) . However, in stark contrast to viral IRESs, the XIAP IRES element is much shorter (162 versus 450 nt) and the length of the spacer region between the polypyrimidine tract and the initiation AUG codon can vary (18) .
We show by UV cross-linking experiments that the XIAP RNP complex consists of at least four cytosolic factors with apparent molecular masses of 45, 50, 75, and 100 kDa. We have identified the 50-kDa protein as the La autoantigen and demonstrate that La protein specifically binds the XIAP IRES sequence. We propose that the La interaction with the XIAP IRES constitutes the core of the XIAP IRES RNP complex. Additional proteins are then recruited to this core complex to form a large RNP complex. This suggestion is supported by the fact that competition with poly(U) homoribopolymer prevents the formation of the XIAP IRES RNP complex completely. Furthermore, the addition of the dominant negative fragment of La inhibited XIAP IRES translation both in vitro and in vivo. These results indicate that the status of the La protein in the cell can potentially modulate expression levels of XIAP.
The identity of the remaining proteins of the XIAP IRES RNP complex remains to be determined. In the translation of viral mRNAs containing IRES, three cytosolic proteins (PCBP, PTB, and La) were shown to be involved (reviewed in reference 55). However, the XIAP IRES RNP complex is not sensitive to poly(C) competition, and we did not observe a 48-kDa protein in UV cross-linking experiments. Furthermore, overexpression of PCBP-1 did not affect the translation of the reporter gene under the translational control of XIAP IRES element. We therefore propose that the PCBP is not involved in the formation of the XIAP IRES RNP complex. Similarly, the absence of a 60-kDa UV cross-linked protein band (the size of PTB protein) suggests that PTB also is not part of the XIAP RNP complex. Our results are consistent with the models proposed by several laboratories that, in addition to the canonical translation factors, specific subsets of IRES elements may require different sets of cytosolic proteins for their translation (5, 35, 55) . These auxilary proteins are presumably involved in the assembly of specific RNP complexes that promote folding of the IRES elements in the proper three-dimensional organization. In addition, specific IRES-RNP complex can presumably function as a cap analogue in the sense that it will facilitate binding of the ribosomes to the vicinity of the initiation codon.
The La autoantigen is a member of the RNA recognition motif group of general RNA-binding proteins with great affinity for poly(U)-rich sequences (24) . The role of the La protein in RNA metabolism is very diverse. It has been shown to participate in the regulation of initiation and termination of RNA polymerase III transcription (15, 33) and processing of tRNA precursors (12) . Furthermore, the La protein was shown to bind the 5Ј UTR of several viral mRNAs and to stimulate their translation in RRL (1, 22, 26, 36, 51) . It has been proposed but not yet demonstrated that La could also be involved in the translation of cellular mRNAs containing an IRES (6) . Recent studies have shown that homozygous deletion of La in Drosophila is lethal during larval development as well as in adult life (4) . More importantly, the loss of La correlated with the loss of Ultrabithorax (Ubx), whose translation is mediated by an IRES element. This genetic evidence suggests that La controls translation of Ubx mRNA. We demonstrate here for the first time that La does bind the cellular IRES element of XIAP mRNA in vivo and in vitro and modulates XIAP translation.
Although La is found predominantly in the nucleus of the cells, the La protein has been observed to shuttle between the nucleus and cytoplasm (2, 42, 47) . Notably, it has been observed that following poliovirus infection, part of the La protein is truncated by a virus-encoded protease, 3C pro , and the truncated form of La is redistributed from the nucleus to the cytoplasm (47) . The truncated form of La is missing its Cterminal nuclear localization signal but contains the dimerization domain and has been shown to retain activity for stimulation of internal translation initiation of poliovirus in RRL (47) . The La protein is also rapidly dephosphorylated and cleaved early during apoptosis triggered by various stimuli (42) . The cleavage of the La protein is dependent on the activation of caspases, because the addition of pancaspase inhibitors blocked La cleavage completely (42) . While the caspase cleavage site of La is different from the poliovirus 3C pro cleavage site, the truncated La proteins produced by both cleavage events are very similar. In both cases cleavage removes the C-terminal nuclear localization signal, causing cytoplasmic redistribution of La. Interestingly, UV irradiation was also found to induce translocation of the La protein from the nucleus to the cytoplasm (3). We have reported previously that low-dose ionizing irradiation resulted in the enhanced translation of XIAP and that this translation was mediated by the XIAP IRES element (18) . Our data presented here dem- FIG. 6 . Effect of expression of dominant negative La fragment on XIAP IRES-mediated translation in vivo. HeLa cells were cotransfected with the dicistronic plasmid p␤gal/5Ј(Ϫ162)/CAT together with the plasmid pCI-myc/ La(226-348) or with the control plasmid pCI-GFP, pcDNA3-myc/hnRNPK, or pcDNA3-myc/PCBP-1 as described in Materials and Methods. The levels of expression of myc-tagged overexpressed proteins were assessed by Western blot analysis using anti-Myc antibody and found to be comparable (data not shown). The levels of ␤Gal and CAT activity were determined at 48 h posttransfection.
onstrate that the cellular levels of the La protein may modulate XIAP expression. It is tempting to hypothesize that the observed increase in XIAP translation following ionizing irradiation or other cellular stresses is due to the modification and translocation of the La protein to the cytoplasm. The direct link between these observations, however, remains to be determined.
